In the course of studies on the rat brain, tissue was fixed in formalin-alcohol. Frozen sections stained with toluidine blue revealed numerous y-metachromatic bodies (MB), mainly in relation to myelin. These bodies were felt to be a product of fixation (artifact) probably caused by the solution of some myelin component and its reprecipitation mainly within the white matter. Similar bodies have been described previously but there is no uniformity of opinion as to their origin, chemical nature, or significance (Ferraro, 1928; Grinker and Stevens, 1929; Smith, 1949; Wislocki and Singer, 1950; Wolman, 1960). The close relationship to, and probable derivation from, myelin suggested that analysis of the chemical structure of the metachromatic bodies in normal rat brain might increase our understanding of myelin. Also a close similarity appeared to exist between them and the material found inside the 'mucocytes' described by Grinker and Stevens (1929) and possibly the mucoid substance in the cytoplasm of swollen oligodendrocytes. Lastly, we thought that any early pathological change in myelin might be reflected and perhaps magnified in the metachromatic bodies. With this in mind, we studied the metachromatic bodies in the white matter lesions of cyanide-poisoned rats.
In the course of studies on the rat brain, tissue was fixed in formalin-alcohol. Frozen sections stained with toluidine blue revealed numerous y-metachromatic bodies (MB), mainly in relation to myelin. These bodies were felt to be a product of fixation (artifact) probably caused by the solution of some myelin component and its reprecipitation mainly within the white matter. Similar bodies have been described previously but there is no uniformity of opinion as to their origin, chemical nature, or significance (Ferraro, 1928; Grinker and Stevens, 1929; Smith, 1949; Wislocki and Singer, 1950; Wolman, 1960) . The close relationship to, and probable derivation from, myelin suggested that analysis of the chemical structure of the metachromatic bodies in normal rat brain might increase our understanding of myelin. Also a close similarity appeared to exist between them and the material found inside the 'mucocytes' described by Grinker and Stevens (1929) and possibly the mucoid substance in the cytoplasm of swollen oligodendrocytes. Lastly, we thought that any early pathological change in myelin might be reflected and perhaps magnified in the metachromatic bodies. With this in mind, we studied the metachromatic bodies in the white matter lesions of cyanide-poisoned rats.
MATERIALS AND METHODS
Thirty-four predominantly young adult Lewis rats of both sexes with a minimum body weight of about 220 g. were used. These were divided into two groups. (1) Seven rats were not subjected to any experimental procedure and were used as normal controls. Four of these were anaesthetized with chloroform and killed by exsanguination. The fifth was killed rapidly with ether, the sixth was kept anaesthetized with ether for five minutes, when it was killed also by the ether, and the last was anaesthetized with intraperitoneal sodium nembutal (2-5 mg./100 g. 'National Research Council postgraduate resident research associate supported by the National Aeronautics and Space Administration. Supported by U.S. Public Health Service grant no. MH-1 1698-01. body weight) for 30 minutes and then killed by an overdosage of nembutal. These animals were included in the study to assess whether narcosis or the mode of killing had any effect on the appearance or distribution of the metachromatic bodies. No such effect was found.
(2) Twenty-seven rats were exposed for 20 to 30 minutes to HCN gas according to the 'static method' of Levine (1960) . These were killed after varying intervals of time ranging from directly after exposure (usually by overdosage of HCN at the end of 30 min.) up to 80 days. The brains of animals killed directly after exposure and up to one week after exposure are described in this communication. The rest of the brains were fixed in Cajal's formalin ammonium bromide (2% ammonium bromidein 15 % formalin (F.A.B.)) and used for a separate neuroglial study.
Most of the animals were anaesthetized with ether and killed by exsanguination and their brains promptly removed and processed for the demonstration of neuroglia (Ibrahim, Briscoe, Bayliss, and Adams, 1963) and myelin lipids (Adams, 1965) . Some whole brains and some slices from most other brains were fixed in 5 % formalin in 80% ethyl alcohol for a minimum of two days before they were cut on the freezing microtome and examined. The cytological methods were the same as described previously (Ibrahim et al., 1963) . Only tissues fixed in 80% ethanol and tissues fixed for a long time in 10% formalin and formol-calcium (1% calcium acetate in 10% formalin) contained a product of fixation (artifact) resembling that found in formalin-alcohol-fixed blocks. The two artifacts were compared histochemically.
The histochemical methods employed were mainly taken from the schemata given by Adams (1965) . They will be referred to under Results. However, the methods employed for examining metachromic phenomena will be mentioned here since there is still disagreement concerning the methodology and its interpretations (see Pearse, 1960 , for a discussion of the problem).
Formalin-alcohol-fixed blocks were washed well in water, and frozen sections 20 ,u thick were cut and collected in water. These were washed for about 30 minutes, since too large a trace of fixative hampers staining. The sections were placed on slides previously dipped in warm chromegelatin (0 05 % chromium potassium sulphate in 2 % gelatin) and dried at room temperature. The sections 545 were gently blotted dry as leaving sections to dry in air seemed to change the stainability of the metachromatic bodies. This might be due to oxidation of the lipid components by atmospheric oxygen (Wolman, 1956a; Adams, 1965) . Staining was done with many reagents, but principally with 0-1 % toluidine blue 0 in 30 % ethanol at apH of 4 5 for 10 to 15 minutes, and also 0-1 % azure A. The sections were then taken out, washed in distilled water, blotted dry, and dehydrated in absolute ethanol, in which they could be kept up to two minutes before the metachromatic bodies started to fade. Sections from formalin-fixed blocks resisted fading very poorly, however. The y-metachromasia of the myelin sheaths also disappeared almost immediately. The sections were then cleared in xylol, in which the formalin-alcohol tissue could be left safely for some time. They were mounted in Canada balsam. The preparations fixed in formalin-alcohol have been found to maintain most of their original colours for months provided the stain was intense before dehydration.
Formalin-alcohol fixation did not cause qualitative changes in stainability of the different myelin lipid components, but when compared with formalin fixation, some diminution in staining was noted. This was especially noted in the OTAN, NaOH-OTAN, and gold hydroxamate methods; the PAN and modified P.A.S. methods were apparently unaffected (see Table I ). Alcohol fixation gave the same results as formalin-alcohol fixation except that the number of metachromatic bodies was much smaller and all lipids were poorly preserved; therefore, no further reference will be made to alcohol-fixed material.
RESULTS

OCCURRENCE, DISTRIBUTION, AND APPEARANCE OF THE METACHROMATIC BODIES IN NORMAL BRAIN
Metachromatic bodies were found both in formalinalcohol-fixed and old formalin-fixed tissues. They were not seen in tissues recently fixed in formalinsaline or in formol-calcium, nor were they seen at all in the F.A.B.-fixed material. Also, the longer the fixation time the larger was the number of metachromatic bodies in the same site up to a certain limit. They were predominantly found in the white matter; the larger the amount of white matter at any given site, the more numerous were the metachromatic bodies, e.g., in the corpus callosum ( Fig. 1 ) and in the white columns of the spinal cord. They were sparse in the grey matter and occurred only in areas where there was a good admixture of myelinated fibres, e.g., at the junction of callosal radiation with cortical grey matter and reticular formation of the brainstem.
The metachromatic bodies of the formalinalcohol-fixed tissue varied somewhat in shape and size (about 30-100 ,u) on its immediate surroundings. Very small ones (30 ,u or less) were rare and were found mainly at the junction of the corpus callosum with callosal radiations. Sometimes, after long fixation in alcohol-formalin, formalin-saline, and formol-calcium, there were structures that seemed identical with the grape-like bodies described by some authors and commented on by Ferraro (1928) as being different from oligodendroglial mucocytes (see Discussion). The morphology of the metachromatic bodies of formalin-fixed tissue differed from that of the formalinalcohol-fixed in that the former were more numerous, smaller, and more uniform in size.
METACHROMATIC BODIES IN BRAINS FROM CYANIDE-
INTOXICATED RATS1 The changes in the metachromatic bodies from formalin-alcohol-fixed tissue were of two types.
Complete disappearance This occurred in the 'For a more comprehensive description of the lesions and a discussion of their aetiology see Ferraro (1933) , Levine and Stypulkowski (1959) , and Ibrahim et al. (1963 (Fig. 2) or in well-established demyelinative lesions from four days after exposure (Fig. 3) .
Appearance of the small metachromatic bodies Smaller forms were noted in regions where both proliferation and hypertrophy of oligodendroglia were taking place (see Figs. 3, 4, and 6; compare with Figs. 1 and 5). On close examination, most of these bodies were found not to be related to the nucleus cr the perikaryon, although a few could be seen within the confines of swollen oligodendroglia (Fig. 7) . These latter cells were regarded as acutely swollen and closely resembled the 'mucocytes' described by Grinker and Stevens (1929) . The material inside these cells differed from the extracellular metachromatic bodies in that it stained much more faintly with basic aniline dyes. Hypertrophied oligodendroglia contained large nuclei surrounded by copious perikaryal cytoplasm that stained very faintly pink. Brante, 1957 and 1959; Young and Abood, 1960; Wolman, 1956b Wolman, , 1957 Wolman, , 1960 Wolman and HestrinLemer, 1960 Fig. 9 , but after chloroform-methanol extraction. The metachromatic bodies appear as empty holes. Modified P.A.S. method, x 100. strongly positive, again indicating their acidic nature. However, they stained with alcian blue but only after a long time, and with the alcian bluesafranin method they became orange and not blue (Spicer, Leppi, and Stoward, 1965) (Figs. 9 and 10 ). The first method indicates that the lipid is acidic, while the latter method demonstrates that it is a glycolipid (cerebroside). The brown metachromasia with the cresyl violet and thionin methods further indicates the presence of sulphatide (see Davison and Gregson, 1962 , for specificity of the method). Again, the results obtained with the use of the modified Molisch's method further support the presence of such a glycolipid which would, in all probability, be a cerebroside (and/or sulphatide) since there is hardly any ganglioside in white matter (Brante, 1949 (Brante, , 1957 . Such sulphatide can give identical staining properties as a sulphated mucopolysaccharide (see later discussion).
The modified P.A.S. method of Adams, Bayliss, and Ibrahim (1963) demonstrates the presence of cerebrosides and only protein-bound gangliosides, since the free form of the latter is water soluble and is, therefore, lost. This method does not, however, demonstrate the presence of the sulphated form of cerebroside. (The sulphate moiety is linked to carbon atom 3 in the galactose molecule of the cerebroside (see Brady and Trams, 1964; Carter, Johnson, and Weber, 1965; Adams, 1965) ; thus, the 1,2-glycol configuration of this sugar is not available for oxidation by periodic acid and, hence, sulphatides are P.A.S.-negative.) Chloroformmethanol extraction applied to control sections in this method removes not only cerebrosides, other lipids, and lipoproteins, but can also conceivably remove mucopolysaccharide if firmly bound to such substances. Such extraction does not remove P.A.S.-positive neutral mucopolysaccharides. As seen in the Table, the metachromatic bodies from formalin-alcohol-fixed tissue did stain positively and chloroform-methanol completely extracted them. Therefore, one would be justified in concluding that these 'bodies' contain cerebroside, but 551 group.bmj.com on August 18, 2017 -Published by http://jnnp.bmj.com/ Downloaded from one cannot, by this method, rule out the presence of extractable acid mucopolysaccharides. Hollander's (1963 Hollander's ( , 1965 method gave positive results and since the metachromatic bodies from formalin-alcohol-fixed tissue are lipid-extractable (see Adams, 1965) , this further supports the presence of sulphatide unless, again, acid mucopolysaccharide is present, firmly bound to the cerebroside and becomes extracted with it.
Concerning the susceptibility of acid mucopolysaccharide to hyaluronidase digestion, Spicer et al. (1965) stated that a sulphated mucopolysaccharide is usually-but by no means alwayssusceptible to hyaluronidase digestion. In this connexion, Singh and Bachhawat (1965) found that both dermatan and heparin sulphates are hyaluronidase-resistant (see above); these substances are present but only in small amounts in white matter. Also, Spicer et al. (1965) , as well as Kramer and Windrum (1955) , found that only sulphated mucopolysaccharides stain metachromatically and that this metachromasia is also alcohol-resistant. We found that the metachromatic bodies from alcohol-formalinfixed tissue gave an alcohol-labile colour and were hyaluronidase-resistant. Therefore, it would seem that on the whole there is probably no acid mucopolysaccharide in them, although one can by no means be certain of this.
The absence of any demonstrable protein or mucin reactions helps to exclude the possible presence of glycoproteins, mucoproteins, nucleoproteins, or mucins.
Finally, it seems that the presence of a sulphate grouping, a lipid, and a sugar is well documented, but the problem is how these three moieties are bound together. The metachromasia, alcianophilia (weak), blue colour with Wolman's method and the positivity to colloidal iron, would point to the binding of the sulphate radicle to the sugar alone, i.e. acid mucopolysaccharide. This, however, need not be since, as already mentioned, all the same colour reactions can be given by the combination of the sulphate radicle with the sugar-containing lipid, i.e., sulphatide (Wolman, 1961; Adams, 1965) . Therefore, the metachromatic bodies from formalin-alcohol-fixed tissue probably consist of a glycolipid (cerebroside), part of which is sulphated (sulphatide). The presence of an acidic mucopolysaccharide, as well, cannot be ruled out.
CHEMICAL IDENTITY OF METACHROMATIC BODIES FROM
FORMALIN-FIXED TISSUE As seen in the Table, the most distinguishing feature of these bodies, as compared with those from formalin-alcohol-fixed tissue, is the absence of any lipid. However, they behave in a similar fashion toward basic aniline dyes (but with less intense colours) indicating their acidic' nature and probable content of a moderate amount' Of sulphate groupings. Wolman's colloidal gold further indicates that their acidity is not great. They are also hyaluronidase-resistant and they stain, but weakly, with alcian blue containing 1 M magnesium chloride and with alcian blue at pH 2.
Unlike the bodies from formalin-alcohol-fixed tissue, they are weakly P.A.S.-positive, whether in frozen or paraffin sections. They do not seem to -contain any simple or conjugated proteins, nor do they contain any type of mucin.
According to the classification of Spicer et al. (1965) , a mucopolysaccharidethat isacidic. i.e., stains with acidic alcian blue containing 1 M magnesium chloride, is resistant to testicular hyaluronidase digestion, is of a connective tissue type (as compared with epithelial types), and is not strongly sulphated, would have to be keratan sulphate (keratosulphate), heparin sulphate, or chondroitin sulphate B. The presence of keratan sulphate in brain is dubious (Balasubramanian and Bachhawat, 1964) and, hence we are left with a choice between the latter two mucopolysaccharides or perhaps a combination of both. As previously mentioned, heparin sulphate should be P.A.S.-positive and, as the metachromatic bodies are only weakly positive, one can conclude that they mainly contain chondroitin sulphate B and possibly a small amount of heparin sulphate; chondroitin sulphate B is P.A.S.-negative.
On comparing the fixative actions of formalinalcohol and formalin alone, it seems that the presence of alcohol in the fixative is the most likely cause for the precipitation of the glycolipid in the metachromatic bodies. This is rather reminiscent of the action of alcohol on the precipitation and preservation of glycogen (see also Wolman, 1960) .
CHEMICAL IDENTITY OF THE OLIGODENDROGLIAL
MUCOCYTIC MATERIAL Because of its faint stainability, metachromatic material of swollen oligodendrocytes could not be studied by any of the methods we have employed, and therefore its chemical identity is not clear, although it must be closely related to the metachromatic bodies from formalinalcohol-fixed tissue; some of the P.A.S.-positive material seen in sections stained with the modified P.A.S. method for glycolipids seemed to be within oligodendrocytic plasma membranes.
GENERAL DISCUSSION The histochemical demonstration of metachromasia in normal and pathological peripheral and central myelin is well established but it is a false type of metachromasia, not resisting alcohol treatment (Noback and Montagna, 1952; Noback, 1954; Noback and Reilly, 1956; Pearse, 552 group.bmj.com on August 18, 2017 -Published by http://jnnp.bmj.com/ Downloaded from 1960; Adams, 1965) . This speaks against the presence of a strongly acidic mucopolysaccharide. Nevertheless, Wolman (1960) writing on 'The grapelike bodies of the central nervous system' concluded that the 'bodies formed mainly at the expense of ground substance polysaccharide' and do not, on the whole, contain 'any myelin lipids.' Now, although his method of fixation employing alcohol is different from ours, his 'single bodies' are almost identical with our metachromatic bodies. Wolman, however, based his conclusion on studies of paraffin-embedded tissues from which most glycolipid would have dissolved during processing; he did describe the frequent 'cyst-like spaces', which we also saw, in paraffin section. He further concluded that the bodies 'contain strongly acidic (sulphate or phosphate) radicles', and he attributed these to the acidic polysaccharide. We agree with him but only with respect to that part of his material which was fixed in formalin alone. He also excluded the possibility that the bodies are derived from myelin since they appeared in the brain at a stage earlier than that of myelination and in the spinal cord after myelination had begun; he saw them at 18-22 days of postnatal life. This to us does not seem reasonable because myelination, exemplified by cerebroside accumulation does, in fact, reach its peak at this very age-the beginning of maturation.
The close relationship between the appearance or disappearance of metachromasia in the central nervous system in relation to pathological conditions has already been mentioned by several writers. For instance, acutely swollen oligodendroglia occurring in a variety of conditions were found to contain mucoid, acidic, and metachromatic materials (Ferraro, 1928; Grinker and Stevens, 1929) . Greenfield and Meyer (1963) , and Russell and Rubinstein (1963) have described such metachromasia in relation to oligodendrogliomas and the former authors mentioned also that this phenomenon is seen in diffuse sclerosis and 'under various conditions, many of which are associated with some degree of demyelination, swollen oligodendrocytes are found to contain a glycolipid resembling cerebroside. ' Lumsden (1951) had earlier stated that 'the metachromatic substances present in the leucodystrophies are galactosphingosides or cerebrosides or they may be related to these substances, and that the oligodendrocyte is intimately concerned with the metabolism of these substances.' More recently, Hollander (1965) Ibrahim et al., 1963) . In view of the most recent electron microscope findings of Hirano, Levine, and Zimmerman (1967) , who employed identical cyanide exposures to ours, such changes would, in fact, be expected to be preceded by the signs of degeneration in axonal and neuroglial processes they described, and might even reflect a reaction to such degenerative changes.
It is worthy ofnote that the changes in oligodendroglial morphology and number and in central myelin seem to resemble those seen in the Schwann cells and myelin of the peripheral nervous system during Wallerian degeneration, both in the nature of these changes and in their time sequence. In both cases a 'latent period' of three to four days precedes morphological changes in the axons and myelin and numerical changes in the supporting cells whether they be oligodendroglia or Schwann cells (see Abercrombie and Johnson, 1946 
